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Abstract

Tendon injuries occur commonly in sports and workplace. Tendon-derived stem cells
(TDSCs) have great potential for tendon healing because they can differentiate into
functional tenocytes. To grow TDSCs properly in vivo, a scaffold is needed. Silver
nanoparticles (AgNPs) have been used in a range of biomedical applications for their anti-
bacterial and -inflammatory effects. AgNPs are therefore expected to be a good scaffolding
coating material for tendon engineering. Yet, their cytotoxicity in TDSCs remains unknown.
Moreover, their sublethal effects were mysterious in TDSCs. In our study, decahedral AgNPs
(43.5 nm in diameter) coated with polyvinylpyrrolidone (PVP) caused a decrease in TDSCs’
viability beginning at 37.5 pg/ml but showed non-cytotoxic effects at concentrations below
18.8 ug/ml. Apoptosis was observed in the TDSCs when higher doses of AgNPs (75-150
ng/ml) were used. Mechanistically, AgNPs induced reactive oxygen species (ROS) formation
and mitochondrial membrane potential (MMP) depolarization, resulting in apoptosis.
Interestingly, treating TDSCs with N-acetyl-L-cysteine (NAC) antioxidant significantly
antagonized the ROS formation, MMP depolarization and apoptosis indicating that ROS
accumulation was a prominent mediator in the AgNPs-induced cytotoxicity. On the other
hand, AgNPs inhibited the tendon markers mRNA expression (0-15 pg/ml), proliferation and
clonogenicity (0-15 pg/ml) in TDSCs under the non-cytotoxic concentrations. Taken
together, we reported here for the first time that the decahedral AgNPs were cytotoxic to rat
TDSCs and their sublethal effects were also detrimental to stem cells’ proliferation and
tenogenic differentiation. Therefore, AgNPs were not a good scaffolding coating material for

tendon engineering.
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Abbreviations

AgNPs, silver nanoparticles;

AgNO;, silver nitrate;

BMSCs, bone marrow-derived mesenchymal stem cells;
CM-H,;DCFDA, chloromethyl derivative of 2',7'-dichlorodihydrofluorescein diacetate
CollAl, collagen type 1 alpha-1;

Col3Al, collagen type 3 alpha-1;

DLS, dynamic light scattering;

FESEM, field-emission scanning electron microscopy;

FSC, forward scatter;

ICs, half maximum inhibitory concentration;

MMP, mitochondria membrane potential;

MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide;
NAC, N-acetyl-L-cysteine;

PI, propidium iodide;

PS, phosphatiylserine;

PVP, polyvinylpyrrolidone;

RT-qPCR, real time quantitative reverse transcription polymerase chain reaction;
ROS, reactive oxygen species;

Scx, scleraxis;

SSC, side scatter;

TDSC, tendon-derived stem cell;

TEM, transmission electron microscopy;

Tnmd, tenomodulin;
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Introduction

Tendon injuries are common in many physical activities L Injured tendons do not fully heal
but frequently form fibrotic scars 2. Traditional therapies for tendon injuries include
artificial implants, autograft, or allograft transplantation; but all of these have various
limitations such as short serviceable life, low biocompatibility, risks of immune rejection and
bacterial infection °. To improve the quality of tendon healing, tendon engineering has been
an emerging alternative to patients with tendon injuries. Among different sources of cells for
tendon engineering, tendon-derived stem cells (TDSCs) have been progressively mentioned
because of their functional advantages *°. TDSCs were discovered in tendons and identified
in human, mouse ' and rat °. They have a higher proliferation rate, clonogenicity, and
stronger in vitro multi-lineage differentiation potential when compared to that of the marrow-
derived mesenchymal stem cells (BMSCs) °. More importantly, our recent findings showed
that transplantation of allogeneic TDSCs to the patellar tendon window wound exhibited
better healing outcomes, lower immunogenicity, and weaker host immune-rejection in the

- - 10,11
recipient animals .

Along with this development, the field of nanomaterials has been advancing rapidly for bio-

scaffold fabrication in tissue engineering. Among the nanomaterials, silver nanoparticle

(AgNPs), defined as the clusters of silver atoms ranging in diameter from 1 to 100 nm '2,

have gained much attention for their unique properties. For example, AgNPs are able to

13,14 15,16

destroy a wide range of bacteria , alleviate inflammation , and accelerate wound
healing process ''®. Hence, AgNPs have been widely used in medical device coating ' and
venous catheters 2. Given the superiority of AgNPs, they were used for fabricating nano-

scaffolds in attempt to deal with bacterial infections occurred during transplantation 2!, Alt
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et al (2014) synthesized polymethylmetacrylate bone cement loaded with AgNPs (5-50 nm
in diameter) and reported that these AgNPs-coated scaffolds exhibited potent anti-bacterial
effects against several strains of bacteria without causing cytotoxicity in mammalian cells *'.
Moreover, there was a recent pre-clinical study demonstrating that nano-scaffold containing
AgNPs significantly accelerated wound healing in vivo and inhibited bacteria growth in vitro
22 Based on these studies, there is an increasing interest in exploring the possibility of using
AgNPs as the carrier or scaffolding material to deliver stem cells to the injury site to improve
the tendon healing process as described by Karthikeyan et al ».

However, it still remains unknown if AgNPs are able to be a good scaffold material without
causing any toxic effects on TDSCs in tendon engineering. Some studies showed that AgNPs
have cytotoxic and apoptotic effects in different cell types **2°. Although assessments
demonstrating how AgNPs affect cells and animals are rising, it is difficult to conjecture the
availability of AgNPs in TDSCs because toxicity of AgNPs may vary in different cells. Even
worse, most studies lacked proper characterization of the AgNPs, making it difficult to
conclude the availability of AgNPs %7 More importantly, a recent review has indicated that
most research articles and review only discussed the toxicity of AgNPs at high-concentration
exposure but not the sublethal doses, which are the relatively low concentrations of AgNPs
without eliciting apparent cytotoxicity 2. In fact, sublethal doses of AgNPs are more relevant
to the actual doses of AgNPs used in medical applications and doses of AgNPs exposed in
the environment. To have a better understanding of the harmful effects of AgNPs, toxicities

of sublethal AgNPs on cells, animals or even human have to be elucidated.

To determine if AgNP was a suitable scaffolding material in tendon engineering, one major

objective of this study was to clarify, for the first time, the impact of AgNPs on TDSCs’
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viability, proliferation and tenogenic differentiation. We concluded that doses of AgNPs were
divided into sublethal range and lethal range based on the result of dose-dependent curve of
AgNPs against TDSCs’ viability after 24-hour incubation. Then, lethal doses of AgNPs (e.g.
>37.5 ng/ml) were used to investigate the toxicological mechanism of AgNPs in TDSCs
using annexin-V & propidium iodide (PI) assay, JC-1 assay and reactive oxygen species
(ROS) CM-H,;DCFDA assay while sublethal doses of AgNPs (e.g. <18.8 pg/ml) were used to

examine the chronic effects of AgNPs on proliferation and tenogenic differentiation.
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Experimental

Synthesis of AgNPs

AgNPs were synthesized photochemically following the steps as described previously .
Briefly, sodium citrate (0.05 M, 4 ml) was initially mixed with PVP (0.05 M, 0.7 ml) and 80
ml water. Subsequently, L-arginine (0.01 M, 0.3 ml), silver nitrate (0.04 M, 0.225 ml) and
sodium borohydride (0.1 M, 1 ml) were added into the mixture with continuous stirring for
30 min. Next, the solution was incubated at room temperature for 3 h in a dark environment.
The bright yellow solution was then exposed to a blue LED (6 V, 400 mA, and 3 W) for 15 h.
Under the exposure to blue light, the silver ions were reduced by sodium borohydride to form
decahedron particles and coated with polyvinylpyrrolidone (PVP). Sodium citrate plays a role
as stabilizers and arginine functions as a photochemical promoter. The final concentration of
AgNPs suspension was 4.5 ng/ml. The mass of silver nanoparticle here was referring to the
mass of silver in the nanoparticle. AgNPs were pelleted by centrifugation at 12,000 rpm
(Eppendorf, Hamburg, Germany) for 10 min and resuspended in DMEM containing 10%
(v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin (P-S) to a desired

concentration for assays.

Physicochemical characterization of AgNPs

Field-emission scanning electron microscopy (FESEM) was performed using a Carl Zeiss
Ultra Plus FESEM (CA, USA) and the operating voltage was 4.96 kV, while transmission
electron microscopy (TEM) was performed using a FEI CM120 microscope (Oregon, USA)

at 120 kV. The average edge length of AgNPs was determined from the SEM and TEM
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images of at least 100 AgNPs (Lu et al. 2012). The average diameter of AgNPs was then
calculated. Hydrodynamic diameters of AgNPs in water and complete DMEM were
determined by dynamic light scattering (DLS) using a modified commercial LLS
spectrometer (ALV/ SP-125 equipped with an ALV-5000 multi-tau digital time correlator)
with a solid-state laser (ADLAS DPY42511, output power is 400 MW at 532 nm) as the light
source. The size and homology of AgNPs was monitored by UV-visible spectroscopy

(ELISA microplate reader, Bio-Rad, USA) at the wavelength of 495nm.

Isolation and culture of TDSCs

The isolation of TDSCs from rats was approved by the Animal Research Ethics Committee,
The Chinese University of Hong Kong, under a research project entitled “Mesenchymal stem
cells (MSCs) for tendon regeneration” (Ref. No. 10/105/MIS). TDSCs were isolated and
prepared from the mid-substances of patellar tendon of 8-week old Sprague-Dawley rats
(gender, weight: 250-320 g) as described previously *'**°. Briefly, after euthanasia, the mid-
substances of both patellar tendons were excised. Care was taken that only the mid-substance
of patellar tendon tissue, but not the tissue at the tendon-bone junction, was collected. The
peritenon was carefully removed and the tissue was stored in sterile phosphate-buffered
saline (PBS). The tissue was minced, digested with 3 mg/ml type I collagenase (Sigma-
Aldrich, St. Louis, MO, USA) and passed through a 70 um cell strainer (Becton Dickinson,
Franklin Lakes, USA) to yield a single-cell suspension. The released cells were washed in
PBS and resuspended in DMEM containing 10% (v/v) FBS and 1% (v/v) P-S (All from
Invitrogen Corporation, Carlsbad, USA). The isolated nucleated cells were plated at an
optimal low cell density of 500 cells/cm” for the isolation of TDSCs and cultured at 37°C,

5% CO; to form colonies. At day 2 after initial plating, the cells were washed twice with PBS
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to remove the non-adherent cells. After one week, the cell colonies were trypsinized and
pooled as passage 0 (P0). PO cells were subsequently expanded at the same seeding density
(500 cells/cm?). The isolated cells expressed stem cell-related surface markers including
CD90, CD73 and CD44 and were negative for CD45 and CD31 as shown by flow cytometry

(results not shown). TDSCs at passage 3-5 were used for the assays in this study.

MTT viability assay

The effect of AgNPs and silver nitrate (AgNO;) on the viability of TDSCs was assessed
using the MTT assay. TDSCs were seeded at 10" cells/well in DMEM in 96-well plates
overnight at 37°C, 5% CO,. The TDSCs were then treated with AgNPs in DMEM (0-150
pg/ml) for 24 h. MTT solution in PBS (5 mg/ml, 20 pl) was then added to each well and the
cells were incubated for another 2.5 h. The cells were then permeabilized and the formazan
crystals were dissolved in 100 pl of dimethylsulphoxide (DMSO). The absorbance at 550 nm
was measured using an ELISA microplate reader (Bio-Rad, USA). Because of the
interference of the AgNPs 31 the background absorbance of each corresponding control was
subtracted from the experimental groups. The percentages of viable cells after treatment with
various concentrations of AgNPs were determined. Triplicate sets of experiment were

examined.

Cellular morphological change

TDSCs were treated with different concentrations of AgNPs (0-150 pg/ml) in DMEM for 24

h at 37°C, 5% CO,. The changes of cell morphology upon AgNPs treatment were observed

using an optical inverted microscope (Nikon TE 2000, NY, USA).

10
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Toxicological mechanisms of lethal AgNPs in TDSCs

Cellular uptake of AgNPs

The uptake of AgNPs into cells was determined by measuring the change in side scatter
(SSC) signal in flow cytometric analysis *>. Briefly, TDSCs were treated with different
concentrations of AgNPs (0-150 pg/ml) in DMEM for 24 h at 37°C, 5% CO,. The forward
scatter (FSC) and side scatter (SSC) signals of TDSCs after treatment were then determined
by a flow cytometer (Becton Dickinson Biosciences, NJ, USA). Ten thousand events were
counted. The increase in SSC signals in the experimental groups relative to the control group
provided an estimation of the amount of AgNPs taken up into the cells 32 The percentages of
cells in the selected high SSC region in different groups were presented in a bar chart.

Triplicate sets of experiment were examined.

Annexin-V-GFP and PI apoptotic assay

The apoptotic effect of AgNPs on TDSCs was assessed by double staining the cells with
annexin-V-GFP/PL. After treatment with AgNP (0-150 pg/ml) for 24 h at 37°C, 5% CO,,
TDSCs in suspension were labeled with annexin-V-GFP and PI (final concentration 4 pg/ml)
in dark for 15 min at room temperature. 10,000 events were analyzed by flow cytometry. The
percentages of early apoptotic cells (annexin-V-GFPyign; Pliow), and late/necrotic cells
(annexin-V-GFPyign; Plaign) in the dot plots were determined. TDSCs treated with digitonin
(40 pg/ml), which permeabilizes the cell membrane, was used to set the quadrants for the

viable, early apoptotic, and late/necrotic cells in the dot plot. The percentage of apoptotic

11
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cells after treatment with various concentrations of AgNPs were presented. Triplicate sets of

experiment were examined.

JC-1 mitochondria membrane potential (MMP) assay

As mitochondria are the central regulators of the intrinsic apoptotic pathway, we determined
the collapse in MMP in TDSCs after treatment with AgNPs using JC-1 staining ****. TDSCs
were treated with AgNPs (0-150 pg/ml) for 6 h, washed and then stained with JC-1 (5 pg/ml)
for 15 min in dark. After washing twice with PBS, the red and green fluorescent signals of
JC-1 of 10,000 cells in each group were analyzed by flow cytometry. Valinomycin (10
pg/ml) was used to dissipate the MMP in the TDSCs in the positive control 3, Percentages of
TDSCs and their intensities of green and red fluorescence emitted were determined.

Triplicate sets of experiment were examined.

CM-H;DCFDA cellular oxidative stress detection assay

To measure the oxidative stress after AgNP treatment, TDSCs were exposed to AgNPs (0-
150 pg/ml) for 6 h and washed with PBS before trypsinization. The cells were then treated
with CM-H,DCFDA in PBS (5 uM) for 15 min and 10,000 cells in each group were analyzed
by flow cytometry. TDSCs treated with hydrogen peroxide (H,O,, 0.03%), which induces
ROS production, was used as a positive control (Wijeratne et al. 2005). Percentages of cell
with high green fluorescence intensity were determined. Triplicate sets of experiment were

examined.

Role of ROS in the cytotoxicity of AgNPs

12
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To determine the role of ROS in mediating the cytotoxicity of AgNPs, TDSCs were
pretreated with the antioxidant N-acetyl-L-cysteine (NAC) (10 mM) for 30 min at 37°C, 5%
CO,. Then, the cells were treated with AgNPs (75 & 150 pg/ml, the concentrations which
showed increase in apoptosis, decrease in MMP or increase in cellular oxidative stress),
followed by the apoptotic assay, MMP assay and cellular oxidative assay as described.

Triplicate sets of experiment were examined.

Effects of sublethal doses of AgNPs on the proliferation, clonogenicity and tenogenic

gene expression

[3H]-thymidine incorporation assay

TDSCs were plated at 2,000 cells per 96-well overnight and treated with AgNPs (0-15 pg/ml,
below 18.8 pg/ml) in DMEM containing 1 puCi [*H]-thymidine (PerkinElmer, MA, USA) for
2 days at 37°C, 5% CO,. The [3H]-thymidine incorporated into the DNA was then measured
using a cell harvester and a liquid scintillation counter (Packard, TopCount NXTTM
microplate scintillation and luminescence counter, PerkinElmer, MA, USA) %10 The
percentage of [3H]-thymidine incorporation was calculated as [(CPMexperimentat = CPMcontrot) /

CPMontrol] X 100%. Triplicate sets of experiment were examined.

Colony forming assay

The effect of sublethal doses of AgNPs (0-15 pg/ml, below 18.8 pg/ml) on the clonogenicity

of TDSCs was assessed using the crystal violet staining method as described ®. Briefly,

13
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TDSCs were plated at 10 cells/cm” in 6-well plates, which was a suggested seeding density to
allow stem cells to form colonies *. Different concentrations of AgNPs were then added and
the cells were cultured at 37°C, 5% CO, for 9 days. After washing with PBS, the cell
colonies were stained with crystal violet (0.5 %, w/v) (Sigma, St. Louis, MO, USA).
Colonies with diameter larger than 2 mm were counted and the results were presented in a

89 . 1 . )
bar chart ™. Triplicate sets of experiment were examined.

Quantitative real-time polymerase chain reaction (QRT-PCR) analysis of tendon-related

markers

The effect of sublethal doses of AgNPs (0-15 pg/ml, below 18.8 pg/ml) on the expression of
tendon-related markers in TDSCs were measured using qRT-PCR in triplicate as described °.
Briefly, TDSCs (4,000 cells/cm?) were seeded in 6-well plates. When the cell culture reached
confluence, AgNPs were added for 14 days and the RNA was extracted using the RNase mini
kit (Qiagen, Hilden, Germany). The mRNA was reversely transcribed to complementary
DNA (cDNA) using the First Strand cDNA Kit (Promega, Madison, WI, USA).
Subsequently, the cDNA from each sample (0.2 pg) was amplified in a 25 ml reaction
mixture containing the Platinum SYBR Green qPCR SuperMix-UDG and the specific
primers for tendon-related gene markers including tenomodulin (7nmd), scleraxis (Scx),
collagen type 1 alpha-1 (CollAl), collagen type 3 alpha-1 (Col3A41) or the house-keeping
gene PB-actin. The primer sequences and the gene product sizes are listed in Table. 1. The
cycling conditions for gqRT-PCR were shown as follows: denaturation at 95°C for 10 min, 45
cycles at 95°C for 20 sec, optimal annealing temperature for 25 sec, 72°C for 30 sec, and
60°C to 95°C with a heating rate of 0.1°C/sec. The mRNA level of the target gene was

normalized to that of the B-actin. The relative gene expression was calculated using the 274

14
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T formula. The fold changes of gene expression in the experimental group relative to the

gene expression in the control group were presented. Triplicate sets of experiment were

examined.

Table. 1. The primer sequences and the gene product sizes of beta-actin, tenomodulin,
scleraxis, collagen type 1 a 1 and Collagen type 3 a 1.

Table. 1. Primer sequences for gRT-PCR
Genes Accession | Primer nucleotide sequence Product | Annealing
number size (bp) | temperature
()
Beta-actin NM 03114 | 5°- 243 52
(B-actin) 4.2 ATCGTGGGCCGCCCTAGG
CA-3’(Forward)
5°-
TGGCCTTAGGGTTCAGAG
GGG-3’(Reverse)
Tenomodulin | NM 02229 | 5°- 60 52
(Tnmd) 0.1 GTGGTCCCACAAGTGAAG
GT-3’(Forward)
5°-
GTCTTCCTCGCTTGCTTGT
C-3’ (Reverse)
Scleraxis NM 00113 | 5°- 102 58
(Scx) 0508.1 AACACGGCCTTCACTGCG
CTG-3’(Forward)
5°-
CAGTAGCACGTTGCCCAG
GTG-3’ (Reverse)
Collagen NM 05335 | 5’-CATCGGTGGTACTAAC- | 238 50
type 1 a1 6.1 3’(Forward)
(CollAl) 5’-
CTGGATCATATTGCACA-
3’ (Reverse)
Collagen NM 03208 | 5'-GATGGCTGCACTAAAC- | 225 50
type 3 a1 5.1 3' (Forward)
(Col341) 5'-
CGAGATTAAAGCAAGAG-
3' (Reverse)

Statistical analysis

15
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WinMDI software was used for data analysis of flow cytometric assays. IBM SPSS software
was used for statistical analysis. Statistical difference between experimental set and control
set was expressed as mean = SD from at least three determinations. One-Way ANOVA was
used to compare the mean difference between groups when the number of groups was more
than two. Then post hoc Turkey test was used to tell specifically whether the control group
and the treatment group significantly differed from each other. On the other hand, two
independent T test was used to compare the mean difference between two groups. p values

less than 0.05 were considered statistically significant.

16
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Results & discussion

Physiochemical properties of AgNPs

It has been suggested that the cytotoxic and anti-bacterial effects of AgNPs are related to
their physical and chemical features including sizes, shapes and coating agents 3738 The risk
and safe use of AgNPs for human health and environmental protection are still a
controversial issue. Some previous studies claimed that AgNPs were harmless to cells *' but
other studies indicated they were cytotoxic **. These paradoxical results could be due to the
different types of AgNPs they possessed and therefore characterization of AgNPs was vitally
necessary. In our study, decahedral AgNPs coated with PVP were synthesized with 28.3 nm
in edge length and 43.5 nm in diameter (Fig. la & 1b). The average hydrodynamic size of
AgNPs is 54.8 nm in water and 71.0 nm in DMEM (Figure 1c). The hydrodynamic sizes are
always larger than that of TEM imaging because of liquid medium. Water and protein
molecules were attached to the nanoparticle due to the electric dipole force on the surface of
nanoparticles % Also, DLS is an accurate tool to demonstrate the agglomeration of
nanoparticles. Our AgNPs did not have agglomeration in both water and complete DMEM as
only one single peak of AgNPs was detected. More importantly, intensity of peak absorbance
at 495 nm was positively correlated with the concentration of AgNPs suspended with DMEM
in the UV-visible spectrometric analysis (Fig. 1d). This implied that our PVP-coated AgNPs
were stable and dispersed in complete medium with less particle agglomeration (Fig. 1c &

1d). Similar properties in other PVP-coated AgNPs have been reported *'.

17
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Fig. la
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Fig. lc
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Fig. 1. Decahedral AgNPs were highly uniform. (a) High-resolution scanning electron
microscope image of AgNPs. Scale bar: 200 nm. (b) High-resolution transmission electron
microscopic image of AgNPs. Scale bar: 100 nm. (¢) Dynamic light scattering for
characterization of particles’ size and distribution in water and complete medium (d) Positive
linear relationship between different concentrations of AgNPs in DMEM containing 10%
(v/v) FBS and 1% (v/v) P-S and the corresponding peak absorbance intensity at 495 nm.
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AgNPs were cytotoxic to TDSCs at very high concentrations but relatively harmless at
low concentrations

Regarding the results from MTT assay and morphological observations, cytotoxicity of
AgNPs in TDSCs was found only when the concentrations were higher than 37.5 ug/ml while
AgNPs at the concentration below 18.8 pg/ml did not affect TDSCs’ viability (Fig. 2a & 2b).
Similar to the ICsy of other PVP-coated AgNPs, the ICsy of our AgNPS was found to be 60
png/ml in the TDSCs *’. On the contrary, silver nitrate (AgNO;) exhibited a robust cytotoxic
effect. AgNO; concentration as low as 9.4 pg/ml was able to kill almost all the TDSCs
(Fig.2a). Similar situation was reported in human mesenchymal stem cells **. Given that
release of silver ions from AgNPs may be the source of cytotoxicity ** and the mass of our
AgNPs refers to the mass of silver in the nanoparticle, findings in the present study therefore
indicate 1) our AgNPs was less toxic than the silver ions alone at the same concentration and
2) PVP has executed its coating stabilizer task to reduce the release of silver ions from
AgNPs and keep the nanoparticles dispersed effectively as mentioned by other studies **.

In fact, the ICs, value of our PVP-coated AgNPs was found higher than that of AgNPs, with

similar size, without PVP coating 7,

20
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Fig. 2a
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Fig. 2. Effects of AgNPs on the viability of TDSCs. (a) TDSCs (10* cells/well) were
incubated with AgNPs or AgNOs; at the indicated concentration at 37°C, 5% CO, for 24 h.
Cell viability was then determined by the MTT assay. Results were shown as mean = SD (n =
3). *¥* ## p < 0.01; * p < 0.05 compared with control. (b) Morphological change of TDSC
after incubation with different doses of AgNPs for 24 h. (i). Control. (ii). AgNPs (9.4 pg/ml).
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(ii1). AgNPs (18.8 ug/ml) (iv). AgNPs (37.5 pg/ml). (v). AgNPs (75 pg/ml). (vi). AgNPs (150
pg/ml). Scale bar: 100 pm.
The AgNPs-induced intrinsic apoptosis in TDSCs was mediated by oxidative stress and

it could be prevented by using antioxidant

Regarding the results from MTT assay, we divided the concentrations into the lethal range
(above 37.5 pg/ml) and sublethal range (below 18.8 pg/ml). Although AgNPs are reported to
possess significant cytotoxic effects in some cells in vitro, it was unknown whether the same
toxic mechanism existed in TDSCs. To this end, following a flow cytometric method in
literature to determine the change in SSC for the uptake of AgNPs *?, we found there was a
significant uptake of AgNPs into TDSCs in a dose-dependent manner (Fig. 3). One of the
limitations using this method to estimate the cellular uptake of AgNPs is that we could not
eliminate the apoptogenic effect of AgNPs as apoptotic blebbing might also contribute to the
change in the SSC. Nevertheless, this method clearly illustrated the correlation between the
degrees of uptake with the concentrations of AgNPs applied. The mechanism for the uptake
of AgNPs into TDSCs was also not clear but it might be mediated through energy-dependent
endocytosis as AgNPs of similar size (50 nm) was reported to be internalized by non-
phagocytic cells through endocytic processes ***°. As can be seen, AgNPs were able to
induce apoptosis (Fig. 4a), mitochondrial membrane depolarization (Fig. 4b) and ROS
formation (Fig.5a) in a dose-dependent manner in the TDSCs. At the very high concentration
of 150 pg/ml, AgNPs significantly induced early and late apoptosis (93.2 + 2.7% of the
population) and loss of MMP (77.9 £+ 13.6% of the population) (Fig. 4a & 4b). Consistent
with our previous observation in the MTT assay, AgNPs at the dose lower than 37.5 pg/ml
showed low apoptogenic effect in the TDSCs. At high concentration (150 pg/ml), AgNPs

induced apoptosis of TDSCs via the activation of mitochondrial intrinsic pathway. Moreover,

22
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oxidative stress was pronounced when the TDSCs were incubated with high doses of AgNPs
(Fig. 5a). This effect was suppressed with the addition of the antioxidant NAC (Fig. 5b). As a
precursor for the formation of the endogenous antioxidant glutathione, NAC plays an
important role to maintain the intracellular glutathione level and to provide thiol group to
counteract the oxidative stress ***. It is therefore not surprising that NAC could antagonize
the AgNPs-induced loss of MMP and apoptosis (Fig. 5c-5d). Our results thus corroborated
other work that the AgNP-induced cytotoxicity in mammalian cells is mediated via the
induction of oxidative stress ' by increasing ROS *, and eventually leading to apoptosis
395233 yet, which component of AgNPs causing the cytotoxic effects has been still under
debate. It could be mediated by the released silver ions **, nanoparticles alone >, or both *°.
In this circumstance, release of silver ions was speculated since previous group has
demonstrated the “Trojan horse effect” about the release of intracellular silver ions after

uptake of AgNPs *°.
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Fig. 3. Cellular uptake of AgNPs in TDSCs. TDSCs (3 x 10*cm?) were incubated with
AgNPs at the indicated concentration at 37°C, 5% CO, for 24 h. The FSC and SSC signals
were subsequently determined at single cell level by flow cytometry and the results were
displayed in dot plots. The percentage of cells in the selected M1 region was measured and
the results (mean + SD, n = 3) were shown in a bar chart. ** p < 0.01; * p < 0.05 compared
with control.
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Fig. 4a
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Fig. 4. Effect of AgNPs on the induction of apoptosis and depolarization of MMP in
TDSCs. (a) TDSCs (3 x 10%cm?) treated with different concentrations of AgNP for 24 h
were stained with annexin-V-GFP and PI. The percentages of apoptotic cells in the lower-
right quadrant (annexin-V-GFP""; PI"*") and in the upper-right quadrant (annexin-V-
GFP"e", pI'ieh) were counted. TDSCs treated with digitonin (40 pg/ml) were used as a
positive control. Results were shown as mean + SD (n = 3). ** p <0.01; * p < 0.05 compared
with control. (b) TDSCs (3 x 10%/cm?) treated with different concentrations of AgNP for 6 h
were stained with JC-1. Valinomycin (10 pg/ml) was used as a positive control. The
percentages of cells with dissipation of MMP (lower-right quadrant) were presented as mean
+ SD (n = 3). ** p <0.01 compared with control.

25



Fig. 5a

@

12

Number of event

Control
11.5+8.4% °

Toxicology Research

*%

0.03% H,0,
65.0 * 4.6%

FITC-A FITC-A

i T100 0t *
18.8 ug/ml _  37.5 pg/ml 75 pg/ml
Al &
17.2£1.8% | 23.5+59% |38.3%16.7%

° 10" 10° 10° 10°* 10° 10' 10% 10° 10* 10° 10' 10° 10° 10*

* %

3 150 pg/ml

59.2 +9.4%

10° 10" 0% 10 10¢
FITC-A

Number of event

@ Contr

& Control @

1424

59%1.8%

Green Fluorescence Intensity

*

150 pg/ml
57.6 £10.6% —

ol 75 pg/ml .

36.7 + 25.7%

12

Events
Events

75 pg/ml
39.4 +11.6%

M1

gz 150 pg/ml
33.6+9.2% -

M

@

T%

Events
Events

=) - o o
10° 10" 0% 10° 10 10° 10" 10 10®  10°

26

Page 26 of 38



Page 27 of 38 Toxicology Research

Fig. 5¢

PerCP-Cy5.5-A

NAC (-)

LR

>
‘®
c
9
£
Q : i
g “79.6 + 14.3%"
o + 150 pg/ml "
() y AA
C | E ~
z LR 1 LR )
233.4% 8.2% , “24.5+9.4% « 18.8(£3.0% u —
" " m " Green Fluofescence IntéﬂvnswiltyT'g'A o
Fig.5d
. Control . 75 ug/ml . 150 pg/ml
4.3 £ 2.2% 10.6 = 6.1% 89.41£6.1% —
O.. .
-
Z

10!

10°
10°

Red Fluorescence Intensity

Control ' 75 pg/ml
) 73+ 7.0% | 10.5 * 3.6%
E = e
(&)
I3t
zn. a a

10'
10!

10°

o .
=] e

10° o* 10° 10'

10° 10*

107
FITC-A

Green Fluorescence Intensity

Figure 5. Effect of AgNPs on ROS production and effect of NAC in AgNPs-induced
cytotoxicity. (a) TDSCs (3 x 10*/cm?) were incubated with 0-150 pug/ml AgNPs for 6 h and
stained with CM-H,DCFDA. The percentages of cell population in strong green fluorescence
was determined. Results were presented as mean + SD for three determinations. ** p < 0.01;
* p <0.05 compared with control. TDSCs were pre-treated with 10 mM NAC for 30 min
bebore the exposure to AgNPs (75, 150 pg/ml) for 6 h (b) ROS and (¢) MMP assays and (d)
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24 h annexin-V and PI assay. The percentages of cells with change in fluorescence intensity
were shown. Results were shown as mean = SD for three determinations. **, ## p < 0.01; *, #
p <0.05 compared with the control. * p <0.01; * p < 0.05 compared with the corresponding
value between the NAC-treated group and normal group.

Sublethal AgNPs inhibited TDSCs’ proliferation dose-dependently

A very recent review has indicated that there have been very few investigations studying the
sublethal effects of AgNPs under the low-dosed exposure . Despite this, the low
concentrations of AgNPs could better assess or estimate the health hazards of AgNPs used in
medical application *’ and AgNPs exposed under environmental conditions **. More
importantly, the sublethal effects of AgNPs have been shown differently when compared
with the acute cytotoxic effects of AgNPs at high concentrations. For instance, it was found
that the polyethylenimine-coated AgNPs (7-10 nm in size) accelerated cell proliferation and
up-regulated proliferation-related genes at low concentrations below 0.5 pg/ml >’. Likewise,
PVP-coated AgNPs (5-10 nm in size, shape not mentioned) at low doses were not cytotoxic
to rat tendon primary cells and promoted rat tendon repair in vivo ¥, Contrary to their
findings, our decahedral PVP-coated AgNPs (43.5 nm in diameter) at low doses (0-15 pg/ml)
blocked the proliferation and colony formation of TDSCs after a 2- and 9- day culture
respectively (Fig. 6a & 6b). The inhibitory effects were dose-dependent and no stimulatory
effect of proliferation was observed at concentrations lower than 0.5 pg/ml. The difference
between studies may be due to different physicochemical properties of AgNPs mentioned
above. Although we could not fully explain the dissimilarity, we successfully demonstrated
the inhibitory effect of sublethal AgNPs. More importantly, many previous studies have only
shown the toxicological data of AgNPs with one time point (e.g. 24 h). Our data suggested

that AgNPs did exhibit detrimental impact on TDSCs at relatively low concentrations after
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several days even though they were unable to cause acute toxic effects in cells’ viability after
24 hours (Fig. 2a & 2b).
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Fig. 6. Effects of AgNPs on cell proliferation and clonogenicity in TDSCs. TDSCs (2,000
cells per 96-well in cell proliferation assay; 10 cells/cm® per 6-well in clonogenicity assay)
were incubated with AgNPs at the indicated concentrations at 37°C, 5% CO, for two days
(cell proliferation assay) or nine days (clonogenicity assay). (a) Cell proliferative potential
was determined by the [*H]-thymidine incorporation assay. Results were quantified as mean
+ SD (n = 3). ** p < 0.01; * p < 0.05 compared with control. (b) Number of colonies was
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determined by staining the cells with 0.5% crystal violet. Results were quantified as mean +
SD (n =3). ** p<0.01; * p <0.05 compared with control.

Sublethal AgNPs down-regulated the tenogenic markers of TDSCs

The inhibitory effects of AgNPs on stem cell differentiation have been reported in other
literature. For example, PVP-coated AgNPs (50 nm in diameter, shape not mentioned) was
reported to inhibit the osteogenic differentiation of murine primary osteoblasts *° while some
other studies documented that AgNPs (Bimetallic gold-core/silver-shell spherical
nanoparticle with 10-20 nm in diameter) did not influence the osteogenic differentiation of

% However, there have been a lack of studies about

human adipose-derived stem cells
nanomaterials’ effect on tenogenic differentiation and therefore this study is the first of its
kind to examine how sublethal AgNPs affect tenogenic differentiation of stem cells. Besides
the collagen markers, tenomodulin and scleraxis were also used for evaluation as they are

specific tenogenic differentiation markers *°'.

Scleraxis is a basic helix—loop—helix
transcription factor that is expressed in early tendon progenitor cells and kept expressed
during the tendon development. The expression of scleraxis is also crucial to tenogenic
regulation because scleraxis-null mutant mice have shown severe defects in tendon
development and force transmission ®* while scleraxis-transduced TDSCs promote better

63

tendon repair than normal TDSCs *°. On the other hand, tenomodulin is a type II

transmembrane glycoprotein ®* that has been identified as a marker of tendon differentiation
65 and positively regulated by scleraxis . Regarding the differentiation assays, our data

indicated that AgNPs dose-dependently suppressed the mRNA expression of tendon-related

markers in TDSCs when compared to that of the untreated control after treatment for 14 days
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(Fig. 7a-7d). Unlike the previous studies, our AgNPs down-regulated gene expressions
instead of up-regulating them. The reason why different types of AgNPs have different
effects on differentiation in stem cells remains unknown. Their sizes, shapes and coatings

may be some of the critical factors. Future work is needed to have a better understanding in

this regard.
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Fig. 7. Effects of AgNPs on the expression of tendon-related markers in TDSCs. TDSCs
were incubated with AgNPs at the indicated concentration at 37°C, 5% CO; for 14 days. The
mRNA levels of (a) Tnmd, (b) Scx, (¢) CollAl and (d) Col341 were determined by RT-
gPCR. The bar charts showed the fold changes of markers after normalization with S-actin.
Results were presented as mean + SD, n = 3. ** p <0.01 * p < 0.05 compared with control.
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Conclusion

In conclusion, our data demonstrated that the decahedral AgNPs (43.5 nm in diameter) coated
with PVP have cytotoxic effects beginning at 37.5 pg/ml. High dose of AgNPs (75-150 ug/ml)
induced apoptosis in the TDSCs via the activation of ROS and mitochondrial intrinsic
pathway as confirmed by PS externalization, loss of cell membrane integrity, decrease in the
MMP and rise in intracellular ROS. Pretreatment of NAC could prevent the toxicity caused
by AgNPs, even in high doses. Regarding the sublethal effects of AgNPs, low concentrations
of AgNPs (below 18.8 pg/ml) did not provoke cytotoxicity to TDSCs in the 24-h viability
assay. However, they exhibited inhibitory effects on proliferation, colony-formation and
tendon-related marker expression in the TDSCs at the non-cytotoxic concentrations (0-15
ug/ml). Collectively, false to our expectation, AgNPs possessed detrimental effects at both
cytotoxic and sublethal concentrations. Based on our observations, the PVP-coated
decahedral AgNP was not a good scaffold fabrication material in tendon engineering. For a
better use of AgNPs, more work should be done to evaluate the effects of AgNPs at sublethal

dose on animals and humans.
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